Introduction {#sec1}
============

Funnel chest (pectus excavatum) is the most common congenital anomaly of the anterior chest wall \[[@cit0001]--[@cit0003]\]. The estimated prevalence in the general population is approximately 2%, of which 0.5% require surgical correction. The most recent method of pectus excavatum repair was introduced in 1997 by Donald Nuss (minimally invasive repair of pectus excavatum -- MIRPE). The operation involves lifting the sternum with a specially modeled stainless steel bar, which is inserted under thoracoscopic guidance through two separate lateral incisions of 3--4 cm \[[@cit0004]\]. According to the original protocol proposed by Nuss, this operation should be carried out under general anesthesia with endotracheal intubation. The use of epidural analgesia intra- and postoperatively is highly effective and provides superior pain control \[[@cit0005]--[@cit0007]\]. The procedure is extremely painful, and therefore postoperative pain management in the first 72 hours is a challenge \[[@cit0008]\].

Although bupivacaine still remains a standard local anesthetic, it is increasingly replaced with ropivacaine due to its lower toxicity for the circulatory and nervous system and less profound subsequent motor blockade \[[@cit0009], [@cit0010]\]. These advantages of ropivacaine may be particularly important in children. With the use of identical concentrations, ropivacaine is considered to be less potent than bupivacaine, and thus equipotent concentrations are usually higher \[[@cit0009]\]. Moreover, research on the minimum local anesthetic concentration (MLAC), carried out in recent years, revealed that the potency of local analgesics is relative; hence it is very difficult to directly apply the results of research on the optimal values of MLAC to everyday clinical practice. Additionally, MLAC values significantly decrease when an opioid is added to epidural anesthesia \[[@cit0011]\].

There are not many published studies on postoperative analgesia following the Nuss procedure. They include our previous study on the use of epidural and opioid analgesia in this indication \[[@cit0012]\]. Furthermore, there are no data on the usefulness of ropivacaine in such conditions.

Aim {#sec2}
===

Therefore, the aim of this study was to establish whether thoracic epidural analgesia with ropivacaine is non-inferior to thoracic analgesia with bupivacaine following the Nuss procedure in children.

Material and methods {#sec3}
====================

This prospective, randomized, single blind study was conducted in a university hospital. Eighty-one children aged 11--18 years (mean: 15.5 ±2.0 years) who underwent elective pectus excavatum repair participated in the study. The operation was performed according to the original protocol of Donald Nuss without the use of a metal rib stabilizer. Clinical causes as well as psychological and cosmetic aspects were indications for surgery.

The design of the study was approved by the Local Ethics Committee (approval number: NN-013-86/02). Informed parental consent was obtained for participation in the study. Additionally, separate consent was required to perform epidural analgesia. Children whose parents did not give their consent to the insertion of the epidural catheter were anaesthetized using standard balanced anesthesia with opioids and postoperative analgesia was achieved with subcutaneous morphine combined with non-opioid analgesic drugs. These patients were excluded from the study. Patients whose parents consented to epidural analgesia were scheduled to receive either epidural ropivacaine (Naropin, Astra Zeneca, USA; Group R) or bupivacaine (Marcaine Spinal 0.5% Heavy, Astra Zeneca AB, Sweden; Group B). The selection of patients for each group was random, based on a computer-generated list.

Oral midazolam (Dormicum, Roche, France) was given as a premedication one hour prior to arrival at the anesthetic room. The epidural catheter was inserted under local anesthesia before the induction of anesthesia. A test dose containing 20% of the induction dose of the local anesthetic was administered to confirm the correct position of the epidural catheter. If no symptoms of spinal anesthesia were observed, anesthesia was induced with propofol (Diprivan, Astra Zeneca, UK), and maintained further by either propofol infusion or sevoflurane (Sevorane, Abbott Laboratories, USA). Muscle relaxation during anesthesia was achieved through administration of repeated doses of vecuronium (Norcuron, Organon Teknika, The Netherlands).

During the insertion of the epidural catheter, we primarily aimed to approach the Th6--Th7 interspace. In cases of failure, adjacent levels in the epidural space were approached. For intraoperative analgesia, a mixture of 0.5% ropivacaine (group R) or 0.375% bupivacaine (group B) was used, both combined with adrenaline in a 1 : 200 000 solution and 7.5 ¼g/ml fentanyl.

Sensory blockade of seven spinal segments was required to provide sufficient analgesia. The volume of the induction dose was calculated, providing 0.8 ml of local anesthetic per segment. Additionally, we added (or subtracted) 0.05 ml per segment for each 5 cm of height above (or below) 150 cm. If the epidural space could not be reached directly towards the most prominent deformity, the dose was increased to achieve a blockade of eight spinal segments. Paracetamol (Perfalgan, BMS, New Zealand) 30 mg/kg was also administered intravenously in both groups directly after induction of anesthesia.

Intraoperative analgesia was achieved with ropivacaine (group R) or bupivacaine (group B). The infusion of the local anesthetic in both groups was initiated 1 hour after the administration of the loading dose and was maintained throughout the operation at a rate of 0.8 ml/segment/hour. The rate was increased or decreased by 0.05 ml/segment/hour for each 5 cm of height over or under 150 cm. Postoperative analgesia was achieved with an epidural infusion of either 0.1% ropivacaine or 0.0625% bupivacaine, in both cases mixed with 6 ¼g/ml fentanyl. The infusion rate was initially identical to the rate used for intraoperative analgesia, with the postoperative concentration reduced to 20% of the intraoperative concentration for both local anesthetics.

The Numeric Rating Scale (NRS) and the Prince Henry Hospital Pain Score (PHHPS) were used to assess postoperative analgesia. If postoperative pain achieved 3 points on the NRS scale and/or 2 points on the PHHPS scale, the patients were given 10 mg/kg intravenous paracetamol. In cases of persistent lack of sufficient analgesia (defined as 2 points on the NRS scale and/or 1 point on the PHHPS scale), administration of opioids (subcutaneous morphine) was planned. Epidural analgesia was administered for 3 postoperative days.

Heart rate, systolic blood pressure, depth of sedation and pain scores (NRS and PHHPS) were registered directly after awakening and 1, 8, 20 and 24 hours after awakening from general anesthesia. Side effects and the use of additional medications were also registered. NRS scores of more than 2 and/or a PHHPS score of more than 1 were considered as pain requiring intervention.

Statistical analysis {#sec3.1}
--------------------

Postoperative pain scores, hemodynamic parameters, need for additional analgesia and side effects (postoperative nausea and vomiting -- PONV) in the postoperative period were assessed. The data were compared using ANOVA with the Tukey post-hoc test. Ranked quantitative data were compared with the Mann-Whitney test. Nominal data were compared with the c^2^ test (with the Yates correction if necessary). *P*-values below 0.05 were considered statistically significant.

Results {#sec4}
=======

The children's demographic data, spirometry, initial hemodynamics and oxygenation were similar in both groups ([Table I](#t0001){ref-type="table"}). Overall, epidural catheters were inserted in the most appropriate interspace (Th6--Th7 level) in only 59 out of the 81 (73%) studied children; however, the distribution of other locations did not differ significantly between the two groups. The durations of the procedure and extubation times in groups R and B were similar (59 ±7 vs. 56 ±10 minutes and 9 ±5 vs. 10 ±5 minutes, respectively).

###### 

Demographic and baseline clinical data

  --------------------------------------------------------------------------------------------------------
  Parameter                      Group R (*n* = 41) Mean value ± SD   Group B (*n* = 40) Mean value ± SD
  ------------------------------ ------------------------------------ ------------------------------------
  Age \[years\]                  15.6 ±1.9                            15.9 ±1.6

  Height \[cm\]                  174 ±13                              171 ±10

  Body weight \[kg\]             54.3 ±10.0                           53.4 ±9.4

  BMI \[kg/m^2^\]                18.4 ±1.8                            17.9 ±2.5

  Haller index                   3.4 ±0.8                             3.5 ±0.6

  Female sex, *n* (%)            9 (22)                               10 (25)

  Male sex, *n* (%)              32 (78)                              30 (75)

  Before induction\              78.5 ±12.4                           80.2 ±11.8
  Heart rate \[bpm\]                                                  

  Systolic pressure \[mm Hg\]    118 ±15                              121 ±16

  Diastolic pressure \[mm Hg\]   76.2 ±6.6                            82.4 ±6.8

  Oxygen saturation (%)          96.6 ±1.2                            97.4 ±1.6

  ASA status, *n* (%)\           25 (55)                              26 (60)
  I                                                                   

  II                             16 (45)                              14 (40)

  Number of bars, *n* (%)\       30 (80)                              32 (75)
  Single                                                              

  Double                         11 (20)                              8 (25)
  --------------------------------------------------------------------------------------------------------

*n* -- number of patients, SD -- standard deviation, bpm -- beats per minute.

An increased infusion rate with subsequent paracetamol administration (according to the study protocol) was required in 1 patient in group R and in 9 patients in group B (*p* \< 0.01), despite the fact that the epidural catheter was inserted in the most optimal intervertebral space in a similar number of children (11 in group R and 12 in group B). Pain scores requiring intervention, however, were recorded with similar frequency, except for one difference 24 hours postawakening in favor of group R ([Table II](#t0002){ref-type="table"}). No patients in either group required opioids.

###### 

Number and percentage of patients with NRS \> 2 and PHHPS \> 1

  Postoperative hour   Group R (*n* = 41) *n* (%)   Group B (*n* = 40) *n* (%)
  -------------------- ---------------------------- ----------------------------
  NRS \> 2:                                         
  0 h                  0 (0)                        0 (0)
  1 h                  0 (0)                        0 (0)
  8 h                  2 (5)                        4 (10)
  20 h                 1 (2)                        6 (15)
  24 h                 1 (2)                        4 (10)
  48 h                 0 (0)                        0 (0)
  72 h                 0 (0)                        0 (0)
  96 h                 0 (0)                        0 (0)
  PHHPS \> 1:                                       
  0 h                  0 (0)                        0 (0)
  1 h                  0 (0)                        0 (0)
  8 h                  2 (5)                        4 (10)
  20 h                 1 (2)                        6 (15)
  24 h                 5 (12)                       16 (40)
  48 h                 0 (0)                        0 (0)
  72 h                 0 (0)                        0 (0)
  96 h                 10 (24)                      13 (33)

*n* -- number of patients, NRS -- Numeric Rating Scale, PHHPS -- Prince Henry Hospital Pain Score.

Heart rate and systolic blood pressure values were not significantly different throughout the postoperative period ([Fig. 1](#f0001){ref-type="fig"}). The occurrence of side effects was similar in both groups ([Table III](#t0003){ref-type="table"}).

###### 

Frequency of side effects in the postoperative period

  Side effects           Group R (*n* = 41) *n* (%)   Group B (*n* = 40) *n* (%)
  ---------------------- ---------------------------- ----------------------------
  Nausea                 3 (7)                        3 (8)
  Vomiting               1 (2)                        1 (2)
  Bradycardia (60 bpm)   2 (5)                        3 (7)

*n* -- number of patients, bpm -- beats per minute.

![Heart rate (A) and systolic blood pressure (B) in the postoperative period](KITP-15-32366-g001){#f0001}

Discussion {#sec5}
==========

The Nuss procedure by definition is a minimally invasive surgical technique. The repair of pectus excavatum is achieved by placing a curved steel bar under the sternum \[[@cit0013], [@cit0014]\]. Severe postoperative pain is caused by the sharp deflection of the sternum and the parasternal parts of the ribs. Respiratory movements increase the pain, and therefore pain stimuli arriving from the operating field are particularly intense \[[@cit0015], [@cit0016]\] and sometimes very difficult to control \[[@cit0008], [@cit0017]\].

In contrast to bilateral thoracic paravertebral blockade recently suggested to avoid possible permanent neurological injury associated with thoracic epidural analgesia for the Nuss procedure \[[@cit0018], [@cit0019]\], still many groups of authors recommend a multimodal approach with thoracic epidural analgesia continuous infusion of local anesthetics (usually 0.125% bupivacaine solution) with an opioid, and if necessary supplemented with intravenous opioids or non-steroidal anti-inflammatory drugs \[[@cit0012], [@cit0020]\]. In our study, low concentrations of local anesthetics were used, previously not reported in the medical literature for epidural analgesia in children.

The studied population was homogeneous with a mean age of 15 years. It is believed that older children and adults are more likely to suffer pain in the postoperative period. This was confirmed by Coln *et al.* \[[@cit0017]\], who studied the postoperative course of the Nuss procedure in adults between 19 and 46 years of age. It is difficult to explain why the pain scores are lower in our study than in that study. Approximately 40--45% of the studied patients were classified as ASA II due to either mitral valve prolapse, aortic valve insufficiency, or pulmonary valve insufficiency as well as coexisting asthma.

In the treatment of postoperative pain using epidural infusions, the lowest effective concentrations of local analgesics should be used. The aim is to achieve greater selectivity of the blockade, which allows the frequency of complications (mainly hemodynamic) to be lowered, with comparable efficacy. Using low concentrations can also significantly increase the volume of administered solutions, which helps to provide analgesia within the respective dermatomes, increasing the global effectiveness of analgesia. We were able to provide sufficient analgesia in the vast majority of patients (93.8%) with a 0.0625% solution of bupivacaine and a 0.1% solution of ropivacaine.

Similar studies were carried out using ropivacaine. Lee *et al.* \[[@cit0021]\] found that the addition of 1 ¼g/ml fentanyl to 0.1% ropivacaine solution enhances analgesia without the occurrence of side effects associated with opioid administration. Goldstein *et al.* \[[@cit0022]\] stated that co-analgesics and various additional analgesics, administered as a "rescue" medication during epidural analgesia, should become part of routine postoperative care. These data are consistent with the results of our research.

There are a few ways to calculate doses in epidural analgesia in children described in the literature. Canovas Martinez *et al.* \[[@cit0023]\] suggested that for thoracic epidural analgesia, 0.02 to 0.04 ml/kg per segment should be administered, depending on age. Another dosing regimen is based on the Schulte-Steinberg rule, where the volume of local anesthetic is expressed in milliliters per segment and is equal to 10% of the child's age in years. In our study, we followed the principle of minimum effective doses. In the calculations of the volume of local anesthetic, we decided to use the Bromage formula, which has been tested in a pilot group and then locally modified. We aimed to calculate the required dose, obtaining the lowest possible concentrations of local analgesics. As a result, for most patients in our study the estimated mean daily dose of bupivacaine and ropivacaine was low: 105 mg and 84 mg, respectively.

Another issue is the incidence of postoperative nausea and vomiting. Towell *et al.* \[[@cit0024]\] noted that in the group receiving 0.1% bupivacaine with 10 mg/ml fentanyl nausea and vomiting occurred more frequently than in the group receiving 0.1% bupivacaine with 5 mg/ml fentanyl. In the study conducted by Lejus *et al.* \[[@cit0025]\] in a group of 348 pediatric patients receiving epidural analgesia after multiple types of surgery, the incidence of nausea or vomiting was approximately 14%, similarly to Frawley *et al.* \[[@cit0005]\], who found that among a pediatric population anesthetized particularly for the Nuss procedure managed with thoracic epidural combined with intravenous morphine infusion as a postoperative pain regimen, the PONV rate was 16.6%. In our study, the incidence of nausea and vomiting was lower, around 7--8% and 2%, respectively, in groups R and B. This difference may be explained by the fact of lower doses of epidural opioids and no need for subcutaneous administration of morphine.

The consumption of supplementary analgesics was also a subject of analysis, as a part of regional analgesia effectiveness assessment. There was no significant difference between groups R and B in mean daily consumption of non-opioid analgesics. The majority of these drugs were used on the second postoperative day. McBride *et al.* \[[@cit0016]\], who studied patients with thoracic epidural analgesia after the Nuss procedure, found that 53% of the individuals did not require additional analgesics. Molik *et al.* \[[@cit0003]\] found a significantly lower effectiveness of epidural infusion, since only 11% of children did not require additional analgesia. Our study is therefore more comparable to the results presented by McBride *et al.* \[[@cit0016]\], since in our material only 18% of children required additional doses of non-opioid analgesic drugs.

We are well aware of potential limitations of this study. The most important of them stems from the fact that our analysis was underpowered. As the Nuss procedure is performed quite rarely, collecting an adequately powered sample in a single center is a challenge. Therefore, this study was designed as a non-inferiority rather than a superiority trial. Furthermore, because the sample size was too small, we were unable to control the postoperative pain scores for patients' heart rate and systolic blood pressure, or determine the spatial correlation between the repeated measures.

Conclusions {#sec6}
===========

The results of our study indicate that our routine postoperative pain treatment regimen for patients after the Nuss procedure is safe and provides adequate pain control. We also confirmed that ropivacaine in 0.1% solution as well as a 0.0625% solution of bupivacaine can provide sufficient analgesia. We conclude that 0.1% epidural ropivacaine has no advantage over 0.0625% epidural bupivacaine in relieving acute postoperative pain after the Nuss procedure.
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